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In a practical embodiment ol the present invention, it is pref rable that the induction coil is arranged in surrounding 
relationship with a core made of a high resistance magnetic material such as ferrit , wherein the core is carried by a 
support structur forming a closed magnetic circuit, and it is also preferable that a heat insulating material is disposed 
between the induction coil and the superconductive body to avoid fluctuation or decrease of the critical current value 
s of the fault current limiter casued by joule heat of the induction coil. 

For a better understanding of the present invention, and to show how the same may be carried into effect reference 
will now be made, by way of example, to the accompanying drawings, in which: 

Fig. 1 is a perspective view of a superconducting fault current limiter in accordance with the present invention; 
io Fig. 2 is a graph showing a relationship between a value of current flowing through an induction coil shown in Fig. 

1 and the inductance of the induction coil; 

Fig. 3 is a perspective view of a coiled superconductive body to be replaced with a cylindrical superconductive 
body shown in Fig. 1 ; 

Fig. 4 is a sectional view of a cooling container adapted to the fault current limiter shown in Fig. 1 ; 
is Fig. 5 is a list showing a consumption amount of liquid nitrogen in the cooling container shown in Fig. 4 in contrast 

with a conventional fault current limiter; 

Fig. 6 is a diagram of a test circuit for the fault current limiter shown in Fig. 1; 

Fig. 7 is a sectional view of a modification of the fault current limiter shown in Fig. 1 ; and 

Fig. 8 is a diagram of a test circuit for the modified fault current limiter shown in Fig. 7. 

20 

Referring now to the drawings, wherein like reference numerals designate identical or corresponding parts through- 
out the several views, in Fig. t there is illustrated a superconducting fault current limiter 10 having a core structure 1 
composed of a pair of spaced solid support bodies 2 : 2 and a pair of vertically spaced solid columnar bodies 3, 3 which 
are made of soft magnetic material such as soft iron. The columnar bodies 3 each are dimensioned to be 38mm in 

25 diameter and 60mm in length and detachably connected to the respective support bodies 2 by means of fastening 
screws (not shown) to provide a closed magnetic circuit. The upper columnar body 3 is surrounded by an induction 
coil 4 which is connected in series with an electric power transport line. The induction coil 4 is in the form of an enamel 
winding wound around the columnar body 3 with 1 20 turns in one layer. 

The fault current limiter 10 includes a cylindrical superconductive body 5 arranged in surrounding relationship with 

30 the induction coil 4. The cylindrical superconductive body 5 is made of a ceramic high -temperature superconducting 
material such as bismuth type superconducting material and dimensioned to be 40mm in its inside diameter, 50mm in 
its outside diameter and 50mm in its length. Thus, the inner peripheral surface area of superconductive body 5 is 
determined to be about 6280mm 2 , while the outer peripheral surface area of superconductive body 5 is determined to 
be about 7850mm 2 . In addition, the superconductive body 5 surrounds the induction coil 4 with a slight clearance 

35 without being supported from the exterior. 

In this embodiment, the material of superconductive body 5 was selected from the group consisting of Bi-Sr-Ca- 
Cu-O, where particles of Bi 2 0 3 , CuO, SrCOa were prepared in a mixing ratio of Bi:Sr:Ca:Cu = 2:2:1:2. The critical 
current density (Jc) of the superconductive body 5 was determined to be 1000A/cm 2 in a critical magnetic field (Be) of 
0.005T (50 gauss). The fault current limiter 1 0 is immersed in cooling liquid such as liquid nitrogen stored in a cooling 

40 vessel 6. When the rated current is applied in normal operation, the cylindrical superconductive body 5 in surrounding 
relationship with the induction coil 4 is maintained in the superconducting state and shields the magnetic field of the 
induction coil 4 completely from the iron core in the form of the upper columnar body 3. Thus, the inductance of the 
induction coil 4 is maintained very low to permit the flow of rated current passing therethrough without any limitation. 
When the induction coil 4 is applied with a fault current due to a short-circuit or thunderbolt, the superconductive body 

45 5 turns resistive from the superconducting state to provide a high impedance which limits the fault current. 

In such a construction of the fault current limiter 10 as described above, the superconductive body 5 is exposed 
to the liquid nitrogen at its outer peripheral surface the area of which is larger than that of its inner peripheral surface. 
As is understood from the foregoing calculation, the outer peripheral surface area of the superconductive body 5 is 
larger by 1 600mm 2 (about 25.5 %) than the inner peripheral surface. On the other hand, the induction coil 4 is located 

so inside the superconductive body 5 and constantly exposed to the liquid nitrogen. Thus, the cooling efficiency of the 
liquid nitrogen is enhanced to increase the critical value of the fault current limiter 10. Although in the conventional 
fault current limiter, there has been a difficulty in replacement of the superconductive body due to the outside arrange- 
ment of the induction coil, the superconductive body 5 of the fault current limiter 10 can be replaced with a fresh one 
in a simple manner by removal from the support bodies 2. Since the induction coil 4 is not wound around the super- 

ss conductive body 5 as in the conventional fault current limiter the mechanical stress acting on the superconductive 
body 5 is avoided. 

In Fig. 2 there is illustrated a currenl-inductanc characteristic of the fault current limiter 10. In the graph of Fig. 2, 
the inductance of the whole circuit is represented by a y^axis, a current value is represented by an x-axis, and measured 
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. ^ k hor Q nt«rQ a-G As a result of the measurement, it has been confirmed that the current 
values ar represented by charact e» A* . Ab a ~ ™ m e Th measure ment values fluctuated in 

° f ^nlSSiLh-m of the present invention.the.auKcurrant.imHerlO.aybe.odifledasdesor^edbe.ow 
tithe cylindrical superconductive bodySmay be integral^ formed at its opposrte ends with a pair of axial* spaced 

flux so as to decrease loss of the transport current in normal operation. 
25 substance. 
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current limiters ar switched over from the superconducting state to th resistive state. As shown in the table of Fig. 
5, the consumption amount of liquid nitrogen in the conventional current limiter was 60g/min before trasition to the 
resistive state and 180 g/min after transition to th resistiv state. In contrast with the conventional fault current limiter, 
the consumption amount of liquid nitrogen in the fault current limiter 10 of the present invention was 30 g/min before 

s transition to the resistive state and 50 g/min after transition to resistive state. As is understood from the above meas- 
urement results, the consumption amount of the liquid nitrogen in the fault current limiter 10 of the present invention 
is greatly reduced. This is useful to greatly reduce the arrangement cost of the fault current limiter. 

The present invention is further directed to reduce a decrease of insulation of the cooling liquid and to prevent the 
occurrence of service loss in normal operation. For the purpose of overcoming these problems, disclosed in Fig. 6 is 

10 a test circuit which is designed to reduce heat generation caused by the resistance of the induction coil 4 and eddy 
current losses in the iron core. The test circuit includes the fault current limiter 10 immersed in the liquid nitrogen in 
the cooling vessel 6 as shown in Fig. 1 , an impedance element in the form of a resistor R located outside the cooling 
vessel 6 and connected in parallel with the induction coil 4 of fault current limiter 10, a first switch SW1 having a fixed 
contact connected in series with the induction coil 4 through a resistor 31 of 12Q and a movable contact connected in 

is series with a power source 30 of alternating current of 60Hz, a second switch SW2 having a fixed contact connected 
in series with the induction coil 4 through a resistor 32 of 2Q and a movable contact connected in series with the power 
source 30, and an ammeter 33 disposed between the power source 30 and the induction coil 4 of the fault current 
limiter 10. In addition, the first switch SW1 is arranged to be closed in normal operation, while the second switch SW2 
is arranged to be opened in the normal operation and to be closed in the occurrence of a short-circuit or thunderbolt. 

20 For simulation tests of the fault current limiter 10, the resistance value of resistor R was changed to measure the 

current flowing through the test circuit and to measure the replenishment amount of liquid nitrogen into the cooling 
vessel 6. The measurement results are listed on the following table 1 . wherein the replenishment amount of liquid 
nitrogen is represented as 100% in the case that the resistor R was removed from the test circuit. 



Table 1 
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Test No. 


Resistor (£2) 


R/2nfL 


SW1 Normal (A) 


SW2 Fault (A) 


Replenish. Amount (%) 


1 


0.5 


0.34 


3.6 


19.2 


14 


2 


1.0 


0.69 


3.6 


17.5 


30 


3 


2.0 


1.38 


3.6 


16.0 


50 


4 


3.0 


2.10 


3.6 


15.3 


63 


5 


4.0 


2.76 


3.6 


14.6 


68 


6 


5.0 


3.45 


3.6 


14.3 


72 


7 


Non 




3.6 


13.0 


100 


8 


Non 




3.6 


22.0 





40 In Table 1 , the character R is the resistance value of resistor R, the character f is the frequency of the alternating 

current of power source 30, and the character L is the inductance of the induction coil 4. In the simulation tests, the 
following facts have been confirmed. In the case that the fault current limiter 10 and the resistor R were removed, the 
current flowing through the test circuit was maintained at a constant value (3.6 A) during normal operation and increased 
up to 22.0 A in the occurrence of a short-circuit, (see Test No. 8) In the case that the resistor R was removed, the 

45 current flowing through the test circuit was maintained at the constant value (3.6 A) during normal operation and in- 
creased up to 1 3.0 A in the occurrence of a short-circuit, (see Test No. 7) From these facts, it has been found that the 
fault current limiter 10 acts to restrain current of 9A in the occurrence of the short-circuit. When the resistance value 
of resistor R was decreased, the current limiting effect of the fault current limiter 10 become small, while the replen- 
ishment amount of liquid nitrogen become small. This was caused by an increase of shunt current to the resistor R 

so and a decrease of the current flowing through the induction coil of fault current limiter 10. 

From the foregoing measurement results, it will be understood that the resistor R connected in parallel with the 
induction coil 4 is effective to reduce heat generation caused by eddy current losses in the iron core and the resistance 
of induction coil 4. Accordingly, it is preferable that the resistance value of resistor R is determined taking into consid- 
eration the function of the fault current limiter 10 and the replenishment amount of liquid nitrogen. In the test circuit, it 

55 was desirable that the resistance value of resistor R was determined to be R/2* f L ^3. 

In actual practice of the present invention, the resistor R in the test circuit may be replaced with a condenser C or 
a coil L^. The following tables 2 and 3 show measurement results where th capacitance of condenser C or the induct- 
ance of coil L2 was changed to measur the current flowing through the test circuit and t measure the replenishment 
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amount ol liquid nitrogen. 



Test No. 


Resistor (ft) 


1 

2ic1C/27ifl 


SW1 Normal (A) 


SW2 Fault (A) 


Replenish. Amount (%) 


9 


2000 


0.88 


3.6 


17.2 


42 


10 


1000 


1.77 


3.6 


15.5 


60 


11 


500 


3.53 


3.6 


14.0 


75 



Test No. 


Condenser (u,F) 


2jtfL 2 
2jfU 


SW1 Normal (A) 


SW2 Fault (A) 


Replenish. Amount (%) 


12 


3 


0.75 


3.6 


17.4 


35 " 


13 


5 


1.25 


3.6 


16.5 


47 


14 


10 


2.50 


3.6 


14.9 


68 



in table 3, the character L, is the inductance of the fault current limrter 10, and the character is the inductance 
«* tho rv-.ii ronnected in Darallel with the induction coil 4 ol fault current limiter 1 0. 

^SSE^ bSTlbund in the simulation tests that heat generation caused by eddy current ^ co» «n 
h. n™sed bv eolacement of the iron core with a core made of a high resistance magnetic matenal such asfemte. 

The^resent nvS fe further directed to avoid fluctuation or decrease of the critical current value of the fault 
currJnt .iSr lO SuseTby joule heat of the induction coil. For the purpose of overcoming the problem dsclosec «n 
7 s a fault cu^ent limtter 10A wherein a cylindrical sleeve 7 made of heat insulating material such as synthetic 

J 9 sleeve 7 effective to block joule heat of the induction coil 4 applied to the 
superconduc fee ^body Z circuit „ the fault curre nt limiter 1 0A provided with the cylindrical heat insula .ng 

a ieJ, e 7 In ie test c rcuft ofFig 8, the induction coil 4 of the fault current limiter 10A is connected m senes with a 
ooZloleU ™Z££2*im±* through a resistor 41 at its one end and connected in series wrth an ammeter 
42 at rts o"her end and a voltmeter 43 is connected in parallel with the induction coil 4 of fault current Inter 10A. For 
SS^t^'^liJ^rrenl limiter IDA, the voltage of the power source 40 was adjusted to supply a constant 
cuTrCof 3 A toS e "Llt current lirniterl OA tor fitteen (15) minutes and increased at a constant sp^ 
cS cur^nt value of the superconductrve body 5. The measurement results are listed ,n the foltowmg table 4. 



Test No. 


Outer Diameter of Sleeve 
(mm) 


Thickness of Sleeve (mm) 


Current value (A) 


Current value Ratio 


1 


35 


3 


9.7 


121 


2 


30 


8 


10.8 


135 


3 


Non 


Non 


8.0 


100 



From the measurement results, it has been confirmed that the critical current value of the superconductive body 
5 is increased by the provision of the cylindrical heat insulatmg sleeve 7. 



Claims 



A superconducting fault current limtter. comprising an induction coil (4) connected in series with an electric power 
SiSSE^coil being arranged in surrounding relationship with a core (3) made of . high res.stance rnag- 
neSter^i, sakJ core being carried by a support structure (1 ) forming a ^ a ^™" 
oSTbrty 5) arranged adjacent to and coaxial with said coil, said superconducfve body be,ng made of a 
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ceramic high-temperature superconducting material; and a cooling d vice (20) arranged to cool said supercon- 
ducting body; characterised in that said superconducting body (5) surrounds said coil (4) at the outside thereof. 

2. A superconducting fault current limiter as claimed in claim 1 wherein said cooling device comprises a cooling 
container (20) containing only said superconductive body (5) therein and filled with cooling liquid (23) to immerse 
said superconducting body therein. 

3. A superconducting fault current limiter as claimed in claim 1 or claim 2 wherein said superconductive body (5) is 
in the form of a cylindrical superconductive body coaxial with said induction coil (4). 

4. A superconducting fault current limiter as claimed in claim 1 or claim 2 wherein said superconductive body (5) is 
in the form of a coiled superconductive body coaxial with said induction coil (4). 

5. A superconducting fault current limiter as claimed in any of claims 1 to 4 wherein an impedance element (R) is 
connected in parallel with said induction coil (4) to restrain the flow of current passing through said induction coil 
(4) on the occurrence of a short-circuit or thunderbolt. 

6. A superconducting fault current limiter as claimed in claim 5, wherein said impedance element is one of a resistor 
(R), a condenser and a coil. 

7. A superconducting fault current limiter as claimed in claim 1, wherein a heat insulating material (7) is disposed 
between said induction coil (4) and said superconductive body (5). 



Patentanspruche 

1. Supraleitender Fehlerstrombegrenzer, umfassend eine Induktionsspule (4), die mit einer Stromleitung in Serie 
geschaltet ist, wobei die Spule so angeordnet ist, daB sie einen Kern (3) aus Hochwiderstands-Magnetmaterial 
umgibt, wobei der Kern von einer Stutzstruktur (1) getragen wird ( die einen geschlossenen Magnetkreis bildet; 
einen supraleitenden Korper (5), der angrenzend und koaxial zur Spule angeordnet ist, wobei der supratettende 
Korper aus einem bei hoher Temperatur supraleitenden Keramikmaterial besteht; und eine Kuhleinrichtung (20), 
die so angeordnet ist, daB sie den supraleitenden Korper kuhlt; dadurch gekennzeichnet, daB der supraleitende 
Korper (5) die Spule (4) an ihrer AuBenseite umgibt. 

2. Supraleitender Fehlerstrombegrenzer nach Anspruch 1 , worin die Kuhleinrichtung einen Kuhlbehalter (20) umtaBt, 
der nur den supraleitenden Korper (5) darin enthart und mit Kuhlflussigkeit (23) gefullt ist, urn den supraleitenden 
Korper darin einzutauchen. 

3. Supraleitender Fehlerstrombegrenzer nach Anspruch 1 oder 2, worin der supraleitende Korper (5) die Form eines 
zylindrischen supraleitenden Korpers hat, der zur Induktionsspule (4) koaxial ist. 

4. Supraleitender Fehlerstrombegrenzer nach Anspruch 1 oder 2, worin der supraleitende Korper (5) die Form eines 
gewundenen supraleitenden Korpers aufweist : der zur Induktionsspule (4) koaxial ist. 

5. Supraleitender Fehlerstrombegrenzer nach einem der Anspruche 1 bis 4, worin ein Impedanzelement (R) zur 
Induktionsspule (4) parallel geschaltet ist, urn den beim Aultreten eines Kurzschlusses oder eines Blftzschlags 
durch die Induktionsspule (4) hindurchgehenden StromfluB einzudammen. 

6. Supraleitender Fehlerstrombegrenzer nach Anspruch 5, worin das Impedanzelement ein Widerstand (R), ein Kon- 
densator oder eine Spule ist. 

7. Supraleitender Fehlerstrombegrenzer nach Anspruch 1, worin ein warmeisolierendes Material (7) zwischen der 
Induktionsspule (4) und dem supraleitenden Korper (5) angeordnet ist. 



Revendications 

1 . Limiteur de courant de deTaut a supraconduction : comprenant une bobine d'induction (4) reliee en serie avec une 
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ligne de transport d'energie electrique, ladite bobine etant agencee en relation environnante avec un noyau (3) 
realise en un mat 'riau magn *tique de resistance elevee, ledit noyau etant port ' par une structur de support (1 ) 
formant un circuit magnetiqu ferme ; un corps supraconducteur (5) agence adjacent a ladite bobine et coaxial a 
celle-ci. ledit corps supraconducteur etant realise en un materiau supraconducteur de ceramique a temperature 
elevee ; et un dispositrf de refroidissement (20) agence pour retroidir ledit corps supraconducteur ; caracterise en 
ce que ledit corps supraconducteur (5) entoure ladite bobine (4) a I'exterieur de celle-ci. 

Limiteur de courant de defaut a supraconduction comme revendique en revendication 1 dans lequel le dispositrf 
de refroidissement precite comprend un recipient de refroidissement (20) contenant seulement le corps supracon- 
ducteur precite (5) dans celui-ci et rempli d'un liquide de refroidissement (23) pour immerger dans celui<;t ledit 
corps supraconducteur. 

Limiteur de courant de defaut a supraconduction comme revendique en revendication 1 ou revendication 2 dans 
lequel le corps supraconducteur precite (5) est sous la forme d'un corps supraconducteur cylindrique coaxial a la 
bobine d'induction precitee (4). 



Limiteur de courant de defaut a supraconduction comme revendique en revendication 1 ou revendication 2 dans 
lequel le corps supraconducteur precite (5) est sous la forme d'un corps supraconducteur bobine coaxial a la 
bobine d'induction precitee (4). 

Limiteur de courant de defaut a supraconduction comme revendique dans I'une quelconque des revendications 1 
a 4 dans lequel un element d'impedance (R) est relie en parallele a la bobine d'induction precitee (4) pour res- 
treindre recoupment de courant passant a travers la bobine d'induction (4) sur I'apparition d'un court^circuit ou de 
la foudre. 

Limiteur de courant de defaut a supraconduction comme revendique en revendication 5 ( dans lequel ('element 
d'impedance precite est une resistance (R) 5 un condensateur ou une bobine. 

Limiteur de courant de defaut a supraconduction comme revendique en revendication 1 , dans lequel un materiau 
^isolation thermique (7) est dispose entre la bobine d'induction precitee (4) et le corps supraconducteur precite (5). 
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Fig . 2 
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Fig . 3 
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Fig . 4 




Fig . 5 
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I80g/mln 
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Fig . 6 
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Fig . 7 
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